The kinetics analysis of ankle, knee and hip joints during gait is fundamental for rehabilitation and clinical diagnosis but data are commonly obtained by means of the laboratory-restricted equipment such as a force plate and optical camera system, which usually require complicated computing programs and professional operation. In this study, we have developed a wearable sensor system to facilitate joint kinetics analysis to assess body movement in daily activities. The sensor system is composed of a shoe-based force sensor which measures ground reaction force (GRF) and center of pressure (CoP), and a leg-attached motion sensor consisting of three uniaxial gyroscopes units which detect lower limbs movement. This paper presents a kinetics analysis of ankle, knee and hip joints in the sagittal plane by using the sensor system on human normal level walking during whole gait phases. In order to estimate the joint kinetics, an inverse kinetics method based on the sensing signals and gait characteristics was developed. In the validation experiments with 10 subjects, joint kinetics was calculated using data synchronously measured by the sensor system and a force plate & optical camera system. The root mean square (RMS) differences of the ankle, knee and hip joints moments between the two systems in a gait cycle were (2 ± 0.34) (mean ± standard deviation) Nm, (7.2 ± 1.34) Nm and (11.2 ± 1.3) Nm, being (5.4 ± 0.7)%, (6 ± 0.32)% and (6.1 ± 0.25)% of the maximal magnitude of ankle, knee and hip joints moments respectively. The RMS differences of the ankle, knee and hip joints powers between the two systems in a gait cycle were (4.2 ± 0.4) W, (5.7 ± 2.1) W and (5.7 ± 0.3) W, being (8.4 ± 0.4)%, (4.1 ± 0.5)% and (6.4 ± 0.4)% of the maximal magnitude of joint powers respectively. The experimental results demonstrate the feasibility and effectiveness of the joint kinetics analysis using the wearable sensor system for a daily application in gait analysis.
Introduction
Joint kinetics, specifically joint moment and power, had been as an important part of healthcare evaluation and clinical diagnosis of body movement abilities in daily activities (1) .
Body movement, GRF and CoP are usually measured by a combination of force plate and optical camera system in a gait laboratory. However, with increasing applications of human motion analysis in the medical-related fields, the lab-restricted measurement system is not suitable for applications in everyday environments, especially for healthcare evaluation to the elder in homes and medical diagnosis for patients in rehabilitation sites. There is a need Vol. 3, No. 3, 2008 for a measurement system which can measure GRF, CoP and body movement conveniently in daily activities, such as a miniature sensor system which can be worn on the human body and does not restrict human movement, namely a wearable sensor system. Accordingly, the kinetics analysis techniques for fitting the wearable sensor system should be studied by means of the inverse method. In general, a measurement system consisting of force plate and optical camera system has several disadvantages to everyday application. Firstly, the measurement system is mainly restricted to the gait laboratory. The force plate and optical camera system are fixed on the ground, and cannot be moved after the system calibration process. Secondly, the system is inconvenient for everyday human activities, since the reflective marker of an optical camera system has to be attached to the subject's body, and the subject should commonly placed their feet completed on the force plate for a correct measurement. Moreover, in the case of successive gait trials, an instrumented treadmill device (2) or multiple force plates have to be prepared, and for staircases, a complex system by multiple force plate are usually constructed (3) . Furthermore, in both of the above cases, the synchronous measurement of body movement is difficult due to the limited measurement dimensions of optical camera system. Especially, when a stand-up training machine (4) or a walking aid (5) are used to enhance subjects' motion abilities in a daily healthcare course, since force plate and optical camera system cannot be employed in this condition due to their limitations, a sensor system is necessary to implement the real-time feedback of subject movement information for monitoring subject behavior. In fact, in pioneering research by Kljajic and Krajnik (6) , pressure sensors were widely used to make instrumented insoles for measurement of the vertical component of GRF and CoP (7) (8) (9) . In the research (10, 11) , the novel shoes were developed by placing two six-axial force sensors in the front part and rear part of the structure to measure complete GRF and CoP in ambulatory walking. In further research, by arrangement of the inertial sensor and six-axial force sensors together, the orientation of the force sensor could be measured for an accurate estimation of GRF. For measurement of body movement, an alternative for overcoming the drawbacks of the optical camera system is to use inertial sensors, which commonly consist of accelerometers and gyroscopes (12) (13) (14) . However, integrating accelerometers and gyroscopes consistently involved some drift error of the position and orientation. A complicated algorithm had to be used based on assumption of the zero velocity update and knowledge of position and orientation of body movement (15) . Obviously, the simpler method should be studied based on the sensor system and the kinematical knowledge of body movement. With regard to joint kinetics analysis, an ambulatory sensor system had been used to assess foot and ankle dynamics, but only the GRF factor was considered and body inertial parameters were neglected (15) . Up to the present time, few studies have mentioned a wearable sensor system, which can simultaneously get sufficient information including GRF, CoP and body movement data for ankle, knee and hip joints kinetics analysis, which can make a significant contribution to the understanding of human movement in everyday activities. The goal of this study is to develop an analysis method for ankle, knee and hip joints kinetics using an improved wearable sensor system. The GRF, CoP and body movement were measured by means of the wearable sensor system. Considering the sensor system features, a new method was applied to estimate the joint position and orientation, and an inverse kinetic method to calculate the joint kinetics. In our gait experiments, the wearable sensor system was validated by a standard reference of a force plate and optical camera system, and the calculated kinetics results based on the two systems were also compared for validation of the joint kinetics analysis using the wearable sensor system.
Methods and Materials
This paper concentrates on kinetics analysis of ankle, knee and hip joints to extend the Vol. 3, No. 3, 2008 work by Tao Liu et al. (16) . Firstly, an improved wearable sensor system is introduced.
Subsequently, based on a normal gait phases and the signals from the sensor system, a developed method for estimation of joint position and orientation of ankle, knee and hip joints is described. Then, the calculation of joint kinetics and the validation experiments are presented.
Wearable Sensor System
A wearable sensor system was developed by integration of an instrumented shoe, a motion sensor systems and a logger. Two force sensors were mounted into a common shoe as a prototype of the instrumented shoe in this research. A 6-axial force sensor (17) was fixed on the heel part of the shoe, and a smart 3-axial force sensor (Tec Gihan, Japan) on the forefoot part of the shoe to measure GRF and CoP. Three motion sensor units were worn on the foot, calf and thigh respectively. A segmental model of lower limb wore the wearable sensor system is shown in fig. 1(a) . Each of the motion units consisting of an electrical baseboard was specially designed for integrating uniaxial gyroscope chip (Murata ENC-03J). Gyroscopes are used to measure angular velocities of the foot, shank and thigh. The sensitive axis is vertical to the medial-lateral plane so that the angular velocity in the sagittal plane can be detected. The gyroscope measures the Coriolis acceleration, which is generated when a rotational angular velocity is applied to the oscillating piezoelectric bimorph. The gyroscope can work under low energy consumption (4.6 mA at 5V). The signals from the gyroscopes are amplified and low-pass filtered (cutoff frequency: 25Hz) to remove electronic noise.
A micro-computer PIC (16F877A) was used to design a pocketed multi-channel logger, and sampling data from the sensors can be saved in a SRAM, which can keep recording for five minutes. An off-line motion analysis can be performed by means of the sampled data saved in the SRAM to a personal computer through a RS232 communication module. The wearable sensor system was powered by a battery of 300mAh (NiMH 30R7H). The logger is strapped around the waist part as shown in the fig. 1(a) . In here, Each of ankle, knee and hip joints is assumed as an ideal joint model (1) .
(a) (b) 
Estimation of Joint Position and Orientation
Estimation of joint position and orientation is a basement of joint kinetics analysis. For calculation purposes, all the vectors should be expressed in global coordinates system. As shown in Fig. 1(b ) were also constructed in Fig. 1(b) .
The ankle, knee and hip joint orientations were decided by the angular velocities of foot However, consider certain movement principles of lower extremity in normal gait cycle (18) , a new method can be developed to obtain joint position. Based on the knowledge of normal gait cycle, we redefined the gait periods for estimation of joints positions. In our research, gait phase is subdivided into four periods (1) was used to denote the combination of rotation and displacement between two coordinates systems (19) 
where [ ] In whole gait cycle, ankle positions can be expressed in vector (10) from equation (2), (3), (4) and (7), knee positions in vector (11) from equation (5) and (8), and hip joint positions in vector (12) by equation (6) and (9) . (14) where the GRF and the moment in the global frame are presented by 
The ankle, knee and hip joint moments in the global coordinates systems are calculated using the inverse dynamic method (20) 
Validation Experiments
In this study, a series of experiments were accomplished for validation of the wearable sensor system. During the experiments, each of subjects wearing the sensor system was asked to normally walk over a force plate (EFP-S-2KNSA12, KYOWA, Japan); meanwhile, the movement information of the reflective markers on the lower extremity was captured by optical camera system (Hi-DCam, NAC Image Tech., Japan).
The sampling data from the gyroscope sensors, the force sensors in the instrumented shoe, and the force plate was acquired at same sample rate of 100 Hz. The force sensors in the instrumented shoe and the force plate were calibrated before each trial. Frame rate of Hi-DCam 4-camera systems was 100 Hz, and shutter speed was 1000 Hz. Calibration value of 3-D residuals before measurement by the camera systems was (0.5485 ± 0.2316) (mean ± standard deviation) mm, and ward length was (500.01 ± 0.86) mm. The possible gaps of the Hi-DCam data were dealt with by Join Cubic. The synchronization of the motion sensor system and Hi-DCam was done by maximizing the correlation of the angular velocities of the lower limb between the two systems.
10 healthy subjects (8 males and 2 females) as volunteers cooperated with us in the experiments. Ages of the subjects are (28.1 ± 1.99) (mean ± standard deviation), heights (1.692 ± 0.0424) m, and weights (66.26 ± 9.179) kg. Segmental inertial parameters of the lower extremities about the subjects were estimated by the empirical regression method (21) . The definition of thigh is from greater trochanteric head to center of the knee joint, calf from center of the knee joint to center of the ankle joint, foot from acropodion to heel. The length of thigh about the subjects is (0.4165 ± 0.0224) m (mean ± standard deviation), shank (0.3715 ± 0.03) m, and foot (0.2453 ± 0.008) m. The masses of foot, calf and thigh about the subjects are (0.7355 ± 0.0635) kg, (3.1043 ± 0.3902) kg and 7.6924 ± 0.8436 (Error: male 2.1 ± 1.3%, female 1.9 ± 1.4%). The ratio of the center of gravity was calculated as the mean value of the percentage of the segment length measured from the proximal end. The ratios of the center of gravity of foot, calf and thigh are 59.5%, 40.6% and 0.475% for male, 59.4%, 41% and 45.8% for female. The moments of inertia of foot, calf and thigh are (0.00037732 ± 0.00000365) kgm 
Results
The force plate and optical camera system was used as a reference to validate the measurement results by the wearable sensor system, including GRF and CoP, segmental angular displacement, and the calculation results of the joint moment and power. The root mean square (RMS) difference as a statistic indexes was used to compare the closeness in amplitude of the results between the two systems.
As shown in Fig. 2(a) , 2(b) and 2(c), the comparisons of the three components of GRF measured by wearable sensor systems and force plate systems were demonstrated in a representative trial. The results of GRF were normalized with respect to body weight. The results show good correspondence between two methods, which is confirmed by comparison analysis of the GRF (see Fig. 2(d) ) and errors analysis of the GRF (see Fig.   2 (e)), and RMS differences by 10 subjects' trials of (0.045 ± 0.003) N/N (mean ± standard deviation), which corresponds to The estimation of the position of the CoP is shown in Fig. 3 . The trajectories agree well, resulting in an RMS difference between both methods of (10.4 ± 1.2) mm, corresponding to (3.7 ± 0.5)% of the length of the instrumented shoe. As shown in Fig. 4 , the segmental angular displacements estimated using the wearable sensor system and Hi-DCam camera systems was also compared. For the foot angular displacement, the RMS difference between the results estimated using the two systems was calculated as (2.91 ± 0.12) degree, being (5.6 ± 0.35) % of the maximal magnitude of the foot angular displacement. For the calf angular displacement, the RMS difference between the two methods is (2.61 ± 0.93) degree, being (4.71 ± 1.4) % of the maximal magnitude of the calf angular displacement. For the thigh angular displacement, the RMS difference between the two methods is (1.3 ± 0.39) degree, being (4.71 ± 2.05)% of the maximal magnitude of the thigh angular displacement.
The comparing results of the joint moments of the ankle, knee and hip in the sagittal plane between the two systems are shown in Fig. 5(a) , 5(b) and 5(c) respectively. The RMS difference of the ankle moments calculated by using the two systems is (2 ± 0.34) Nm, being (5.4 ± 0.7) % of the maximal magnitude of the ankle moments during a whole gait cycle. The RMS difference of the knee moments calculated by using the two systems is (7.2 ± 1.34) Nm, being (6 ± 0.32) % of the maximal magnitude of the knee moments. The RMS difference of the hip moments calculated by using the two systems is (11.2 ± 1.3) Nm, being (6.1 ± 0.25) % of the maximal magnitude of the hip joint moments. The estimation of the joint powers of the ankle, knee and hip using wearable sensor systems and force plate & Hi-DCam camera systems were also implemented for a full understanding human waling kinetics. The comparison of the ankle, knee and hip joint power between the results using the two methods is shown in Fig. 6(a), 6 (b) and 6(c) respectively. The RMS difference of the ankle power calculated by using the two systems is 
Discussions and Conclusions
The kinetics analysis of ankle, knee and hip joints using a wearable sensor system is a important tendentcy. Firstly, relatively to a force plate and optical camera system, the wearable characteristics show the wearable sensor system has good prospects for applications on the human motion analysis in everyday activities. On the other hand, joint kinetics data have more contributions to the understanding of the cause of certain gait abnormalities and the motion mechanism of human walking, which are not provided by the other measurements, such as joint kinematics, temporal and stride parameters and electromyography. Therefore, the improved wearable sensor system was validated for the application feasibilities by our research. The GRF, CoP and body movement were measured by the wearable sensor system, and the data were used to estimate joint kinetics results by means of an inverse method for fitting the wearable sensor system. In the validation experiments, the analysis of the RMS difference between the two systems was implemented, including the RMS differences of X, Y and Z components of GRF, segmental angular displacements, and joint moments and joint powers. The results of the RMS differences demonstrated the measurement results and the kinetics results have high consistence between the wearable sensor system and the force plate & optical camera system. Usually, the motion sensor consisting gyroscope, accelerometer or magnetometer are applied to measure movement of lower extremity (12) (13) (14) . When the inertial sensors consisting of accelerometers and gyroscopes are used to estimate joint position, the complicated algorithm has to be applied to overcome the drift errors caused by integration of accelerometers and gyroscopes (15) . In our study, a simpler motion system only consisting three gyroscopes was applied for estimation of the joint positions based on gait characteristics. The key of the method is how to confirm the heel point touching on the floor in every strike. Therefore, the identification of different periods in stance phase was developed to resolve the problem. Our experiments showed the errors about the touching point in every stride are negligible. The substantive experiments demonstrated the method to estimate joint position is reliable, and the yielded results have high consistent with the results obtained by using the optical camera system. Vol. 3, No. 3, 2008 Two sensors were mounted on the heel and forefoot parts in a common shoe, and GRF can be accurately measured in the whole gait phase. One of the gyroscopes was fixed on the instrumented shoe during gait to measure the movement of sensor on the heel part. The independent movement of sensor in the forefoot part was omitted during pre swing period since the movement is negligible (18) . Considering the movement of the force sensor, the accurate results of the GRF were obtained by the equation (13) . The RMS difference analysis of the complete GRF and the GRF's errors indicated that the GRF's errors mainly occurred in loading response period, since measurement accuracy of the sensors was influenced by the collision of the instrumented shoe initially contacting on the floor. This point suggested that a more flexible instrumented shoe should be designed for the further improvement of the wearable sensor. About the application of the instrumented shoe to measure GRF, an important problem should be made clear that is about the difference between using the barefoot method and the footwear method in gait analysis. Wolf et al. (22) manifested a flexible shoe have very few affects to motion analysis comparing to the barefoot method. Gait parameters by using an instrumented shoe was compared to the data by using normal, light and heavy shoes, and only a significant difference was found in the maximal GRF (15) . The announced result (15) was also validated in our related experiments.
For the viewpoint (22) , the instrumented shoe should be improved to be more flexible for subject's walking, and the improvements can result in a more accurately measurement of GRF. Since the prototype of the instrumented shoe applied the 6-axial sensor, which was designed by us using the whole aluminum contractures. The 6-axial sensor is a little large and rather stiff, and the RMS differences of X and Y components of GRF are about 10% to their maximal magnitude as mentioned in the results. Based on above analyses, the instrumented shoe should be improved to resolve the above problems by means of the optimal design in our future work.
In the calculation of joint moment and power, an inverse dynamics method was applied based on the use of GRF as a main input factor; meanwhile, other factors affected on joint kinetics result were also taken into account. The calculated joint moments consisted of four parts, moments of the GRF, moments of the weights of the segments, moments of the effective forces acting at the center of moment (CoM) of the segments, and moments due to segments' moment of inertia (see equation (16) ). However, when the empirical regression equations and the direct measurement method are used to estimate the weights of the segments, the position of CoM of the segments, and the moment of inertia of the segments, the errors indispensably occured (21) . Our preliminary study (23) about the wearable sensor system demonstrated that the joint moments are mainly caused by the GRF, and the contributions to joint moments by other factors are negligible. The above conclusion is also supported by the research in the barefoot condition (24) . The conclusion suggest that the joint moments are caused by the inertial parameters of body segments can be neglected for convenient application of kinetics analysis in daily activities. On the other hand, the conclusion indicates the RMS differences about the joint moments and the joint powers in our results are mainly caused by the GRF. If we eliminate of the measurement errors of the GRF measured by the force plate, obviously, the measurement errors of the GRF from the wearable sensor are the main influencing factors on the RMS differences of the joint moments and the joint powers.
In the study, a wearable sensor system combining a force sensor and motion sensor was used to measure GRF, CoP and collect body movement information. A new kinematics analysis method for fitting the wearable sensor system was developed based on normal gait cycle principles. The complete data of kinematics and kinetics of ankle, knee and hip joint in the sagittal plane were obtained using the inverse kinetics method. In the experimental study, RMS differences with a force plate and optical camera system as a reference testified to the wearable sensor system's accuracy. The experimental study suggested that the Vol. 3, No. 3, 2008 wearable sensor system is feasible for joint kinetics analysis during normal gait, even though the system is a footwear and leg-attached equipment. Joint kinetics analysis for a normal walking by the healthy subject was fulfilled by the wearable sensor system. In the next step, we will use the system to estimate muscle force from joint moment dependent on a static optimization method and a musculoskeletal model of lower limb, since muscle force provide further details about human physiological data during gait.
